A new method has been developed to simultaneously and regionally determine various morphometric indices of the perfused and total capillary network in rat brain on a quantitative basis. A high molecular weight dextran, labeled with fluorescein isothiocyanate (FITC), was injected into the femoral vein of a barbiturate anesthetized rat. After 20 seconds, the animal was decapitated and the head frozen in liquid nitrogen. The anterior cortex, hypothalamus, thalamus, lenticulate nuclei, substantia nigra, hippocampus, posterior cortex, cerebellum, pons, and medulla were isolated and mounted in a microtome cryostat. Sections, 2 jum thick, were photographed with a fluorescent microscope to detect the perfused capillaries. The sections then were stained for alkaline phosphatase to visualize the total capillary network. Standard morphometric techniques were employed to determine the total and perfused volume, surface area, length, diameter, and number per mm 3 from the photographs. The method was validated in brain, muscle, and omentum to show that the technique did not alter the capillary network, that both the total and perfused capillary network were visualized, and that there was little tissue shrinkage. The study found no significant differences in the total capillary network on a regional basis in rat brain in comparisons of any of the above indices in the 10 large brain areas. Similarly, it was found that the perfused capillary network was not different on a regional basis. Within the cortex, both total and perfused indices were greater in grey than white matter. The perfused capillary network ranged from 50.1% to 56.9% of total for the various indices determined. The percentage of the capillary network perfused increased significantly in a series of asphyxiated rats. Diameter of the capillaries in the control series averaged 6.05 ± 1.09 ixm (mean ± SD) and was not significantly greater in the portion of the bed which was perfused. (Circ Res 51: 494-503, 1982) 
THE SIZE of the capillary network is of great importance in controlling the diffusion distance for oxygen and other substances from blood to cell. This was pointed out by Krogh (1922) . The capillary network of the brain was studied, and early workers reported differences between white and grey matter (Guyot, 1829) . Differences have also been reported for small sections, e.g., nuclei, of both the same and different brain regions (Craigie 1920 (Craigie ,1945 Werner, 1968; Hunziker et al., 1974 Hunziker et al., , 1978 Bar and Wolff, 1975; Bar, 1978) . Craigie (1945) proposed that capillary vascularity was related to brain metabolic activity. This hypothesis is implicitly based on the assumption that all capillaries are perfused at any given time. The present study examined this hypothesis, in part, to determine whether differences in the capillary network existed in large brain regions, e.g., pons.
It is clear from indirect evidence that, in most organs, including brain, the number of perfused capillaries is less than the total (Nicholl and Webb, 1955; Mchedlishvili, 1956; Weiss and Winbury, 1974; Weiss and Edelman, 1976) . If all the capillary bed is not completely perfused, then this nonperfused portion can act as a functional reserve which will change in brain under different conditions (Mchedlishvili, 1956; Weiss and Edelman 1976) . The present study was designed in part to determine the degree of functional reserve in various brain regions.
Whereas it has been possible to determine the total number of capillaries in an organ for a long time by standard histological techniques (Guyot, 1829; Craigie, 1920; Werner, 1968; Bar and Wolff, 1975) , it has been difficult to observe the number that are perfused. Observations have been conducted in thin tissue or on the surface of an organ (Zweifach, 1939; Nicholl and Webb, 1955; Mchedlishvili, 1956; Levasseur et al., 1975) . In addition, indirect techniques have been used to estimate perfused capillarity (Renkin, 1968; Weiss and Edelman, 1976) . None of these techniques allow quantitative study of the perfused capillary network within a large organ like the brain. We have developed a new technique to quantitatively and regionally study both the total and perfused capillary network of an organ under different conditions. We report here on the method validation and the results in brain of anesthetized rats.
Methods
Sprague-Dawley rats ranging in weight from 180 g to 450 g and anesthetized with sodium pentobarbital (50 mg/kg, ip) were used. All rats were obtained weighing approximately 200 g and were used within 2 months in this study. A catheter was placed in a femoral artery and a femoral vein. The arterial catheter was connected to a Statham P23AA pressure transducer and records of blood pressure and heart rate were obtained on a Beckman R-411 recorder. This catheter was also used to obtain an anaerobic arterial blood sample. The venous catheter was used to inject fluorescein isothiocyanate-dextran (FITC-dextran) and additional anesthetic, if needed.
The animal was allowed to recover for 15 minutes. A record of arterial blood pressure and heart rate was then obtained. An anaerobic arterial blood sample was obtained. This sample was subsequently analyzed for P02, PCO2, and pH on an Instrumentation Laboratory Inc. blood gas analyzer (model 113). Approximately 150-200 mg/kg of FITCdextran, molecular weight 70,000 or 150,000 (Sigma Chemical Co.), was administered as a 0.5-ml bolus and flushed with 0.5 ml of saline. Twenty seconds after this injection, the rat's head was guillotined and quickly dropped into liquid nitrogen-cooled-liquid propane. The rat's head was stored at -70° C until analyzed.
Two additional series of animals were studied. One group of eight rats was treated identically to the above. In this group, however, only cerebral cortical grey and white matter were isolated and studied. Another group of four rats was prepared as above, except that a polyethylene tracheal canula was inserted. The canula was clamped and, after 2 minutes, heart rate, blood pressure, and an anerobic arterial blood sample were obtained. The FITC-dextran then was injected and the head was guillotined and quick-frozen.
All brains were exposed by cutting the head into wafers on a band saw at -20°C. From the first series, the following regions then were isolated from the wafers and prepared for cutting on a microtome cryostat: anterior cortex (AC), hypothalamus (HT), thalamus (TH), lenticulate nuclei (LN), substantia nigra (SN), hippocampus (HC), posterior cortex (PC), cerebellum (CE), pons (PONS), and medulla (MO). The tissue sections then were mounted on a microtome specimen holder and coated with embedding medium for frozen tissue specimens (O.C.T. Compound, Lab-Tek Prod.). Two ftm thick sections of the tissue specimens were cut on a Bright automated microtome-cryostat set at -35 °C and transferred to previously marked glass slides. The slides had been gently scratched with a diamond point. The sections were allowed to dry at room temperature for 2 hours. Between seven and 10 sections were obtained from each examined brain region. Each section was at least 200-300 jum from the previous one.
Photographs then were obtained on a Zeiss fluorescent microscope equipped for automated photography. A 40X planapochromat objective was used with a numerical aperture at 0.95. The slide was epi-illuminated with violet light from a 100 W halogen source to excite the fluorescence of the FITC-dextran. A barrier filter was placed in the viewing field such that only wavelengths longer than 495 nm were seen. This provided excellent viewing of the FITC-dextranfilled blood vessels (Fig. IB) . A second photograph of the field was taken with normal lighting. This, together with the viewing coordinates obtained, helped to relocate the field.
The slides then were stained for alkaline phosphatase (Gray and Renkin, 1978) . They were placed in buffered sucrose-formalin for 1 minute. The slides were washed twice in distilled water, then were placed in a freshly made, prewarmed incubation mixture for 30 minutes at 37°C. The incubation mixture consisted of 3.8 g/liter of Fast blue RR and 0.5 g/liter of a-napthyl phosphate in distilled water. The slides were then rinsed in distilled water, postfixed in buffered sucrose-formalin, and rerinsed. The region photographed with fluorescent light was relocated and a new photograph was obtained. The area shown in Figure IB was photographed again after staining for alkaline phosphatase and is shown in Figure 1A . These photographs then were marked to show that portion of the capillary network that was perfused.
Various stereological determinations were obtained in all groups. Each field was counted twice, once for the total capillaries and once for the perfused ones. The photographic negative was projected onto a Weibel stereological device with an appropriate grid. The fundamental principles of morphometric analysis have been reviewed (Underwood, 1970; Weibel, 1979) . These principles have been applied to determine parameters of interest concerning the capillary network of the brain (Hunziker et al., 1974; Bar, 1978) .
We determined the volume fraction, Vv, of capillaries by a point counting technique as follows:
where Pc and Pt are the number of test points falling within a profile of a capillary and the total number of test points in the grid, respectively. We selected the number of test points so that the probable error in Vv would be less than ±5% of the calculated value (Weibel, 1979) . The surface-tovolume ratio, Sv in mm /mm , was estimated from the number of intersections of capillaries with a series of test lines (Underwood, 1970) as follows:
where I is the number of intersections of capillaries with a series of test lines whose total length is Lt. The total capillary length per unit test volume, Lv in mm/mm 3 , can be estimated from the number of transections per unit of test field, Qa, where Lv = 2Qa. The number of capillaries per unit of test volume, Nv, can be estimated from the number per unit of test area, Na. We have used the method of Weibel and Gomez (1962) for this determination. The formula employed is Nv = k • Na 3/2 /b • JVv where k and b are constants related to the cylindrical shape of capillaries. All of the above measurements are in error due to the Holmes effect (Weibel, 1979) . This effect causes overestimates of the above parameters due to section thickness. We have minimized this error by using thinner sections than previous investigators of the total brain capillary network (Craigie, 1920; Hunziker et al., 1974 Hunziker et al., , 1978 . Furthermore, all errors should be uniform and independent of region or animal.
We have determined the average diameter, D, of capillaries by direct measurement of the minimum diameter of any vessel cut in transverse section, as long as the maximum diameter was no more than 1.5 times that of the minimum. All vessels with minimum diameters above 12 fim were eliminated from all counting procedures. This technique should allow accurate estimates of the diameter of total and perfused cylindrical capillaries. It will determine edge-toedge diameter, including the lumen and two endothelial walls.
An analysis of variance was used to determine whether differences in the measured parameters existed between various brain regions. The statistical significance of the differences was determined by the Duncan procedure. A value of P < 0.05 was accepted as significant. 
Validation Studies
Experiments were performed to validate our method. The first series of experiments attempted to prove that the injection of FITC-dextran did not affect the number of capillaries per field or diameter, measured with an ocular micrometer. We also studied the effect of our method of arresting the circulation on these parameters. We attempted to show that all perfused capillaries were filled with the stain in the time period allotted and that the normal oscillatory behavior of the circulatory system did not allow overestimates of number. We also studied how well we were staining the capillaries and how much tissue shrinkage was involved in our preparation. These studies were conducted in rat brain by the pial window techniques (Levasseur et al., 1975) , in skeletal muscle by observation of the microcirculation of the denervated rat extensor hallucis proprius muscle (Myrhage and Hudlicka, 1976) and in the denervated rat omentum (Zweifach, 1939) . Diameter of capillaries was measured with a previously calibrated ocular micrometer and number was counted as capillaries per observed field.
Observation of the effect of injection of the dose of FITCdextran employed was studied in four rat brains and three muscles. In the 20 pial and/or surface cerebral vessels observed, the change in diameter was +1 + 5% (mean ± SD) while a +3 ± 6% change in number was observed. In 16 skeletal muscle vessels initially observed, diameter increased 3 ± 4% and number changed +6 ± 8%. None of these values were significantly different from zero.
Observation of the pial and/or brain surface circulation was conducted through a pial window in nine rats. In all, 42 vessels in nine fields were examined to determine the effect of arresting the circulation. In order to test the reactivity of the vascular bed the trachea was clamped for 1 minute. At this time there was a 53 ± 42% increase in number and a 26 ± 16% increase in diameter of observed pial vessels. After recovery, the circulation was arrested in the manner described and there was a 6 ± 16% decrease in number with 4 ± 19% decrease in vessel diameter. These observations continued for 1-2 minutes. Similar results were found in the denervated muscle preparation. In 80 vessels observed in 10 rats, there was a 37 ± 27% increase in number and a 56 ± 78% increase in diameter after 1 minute of trachea! clamping. When the blood supply was cut, number decreased 3 ± 7% and diameter increased 13 ± 42%. In the denervated omentum preparation in six rats, during observations of 29 vessels with 1 minute of tracheal clamping, capillary number increased by 50 ± 29% and diameter by 14 ± 26%. With section of the blood supply, number decreased by 14 ± 23% and diameter decreased by 7 ± 17%. Changes during tracheal clamping were statistically significant, whereas changes after the blood supply was cut were not. Preliminary observations in 11 frogs revealed, similar findings. Capillaries in the webbing of the hind foot increased insignificantly in diameter by 4% and in number by 6% when the blood supply was cut.
How visualized perfused capillaries filled with FITC-dextran was observed in the pial circulation of 10 rats. It took 5 ± 3 seconds for the injection of FITC-dextran to be Weiss ef a/./Perfused Capillaries in Rat Brain 497 completed. The time of first appearance of the dye was at 6 ± 4 seconds. By 13 ± 5 seconds, all visualized perfused vessels in the field were filled. Observations were continued until 30 seconds after the start of injection in eight rats and no capillaries changed their flow state. There appeared to be a steady state in perfusion for the period 13 to 30 seconds after injection in terms of number of perfused capillaries. In several animals observed for longer periods the number of FITC-filled vessels increased.
The problem of tissue shrinkage was studied in two rat brains. Four paired injections of dye were made in each brain at a fixed distance in a freshly killed animal. The heads were frozen and prepared as described above. In sections stained for alkaline phosphatase, the distance between injection sites was compared to the initial distance. The shrinkage was 3.1 ± 4.6% of the initial value. Since this change is well within other experimental errors, it has not been compensated for in the results. Comparisons between the"azo dye method that we employ and other alkaline phosphatase stains were tried. A fast red method as well as the standard Gomori technique was tried (Pearse, 1968) . In rat brain, the currently employed technique gave the best resolution in terms of number and diameter of capillaries. Our technique appears to stain all visible capillaries. We have observed no vessels of capillary size that have not been stained. Furthermore, all vessels of capillary size filled with the fluorescent dye were subsequently stained with the alkaline phosphatase strain. It is possible that we might have overlooked some capillaries that were not filled with blood which were not alkaline phosphatase sensitive.
Results
The nine control Sprague-Dawley rats used in this study were monitored for blood gases, heart rate, and mean blood pressure. The average values are presented in Table 1 . These values are within the normal range reported for anesthetized rat.
Vv
The volume fraction of the 10 measured brain regions that contained capillaries is shown in Figure  2 . The volume fraction of the total capillary network of the brain ranged from 7.8% in the anterior cortex to 4.2% in the hypothalamus and substantia nigra. There were no significant differences in this parameter in comparison between the various brain regions, whether the comparison was made by ANOVA or nonparametric means. Not only was the average value for Vv similar, but its variability was similar in all brain regions tested, as no differences in regional variance were found. The average value for Vv is given in Table 2 . The relationship of average total Vv and animal weight was determined by linear regression. The line of best fit was: total Vv(mm 3 /mm 3 ) = 5.87 X 10" 2 -3.17 X 10" 5 weight (g). The correlation coefficient was 0.26 and the slope was not significant.
The volume fraction of perfused capillaries is also shown in Figure 2 . There were no significant differences between the means or regional variances of the Vv of perfused capillaries among any of the 10 regions examined. The average value for Vv of perfused capillaries is given in Table 2 . There were no significant differences in the percentage of the total capillary pool which were perfused on a regional basis. The percent of the total Vv which contain capillaries that were perfused during the infusion of FITC-dextran averaged 53.8 ± 10.0 (mean ± SD)%.
Sv and Lv
The surface area and length per unit volume of the brain capillary bed in the measured brain regions is shown in Figure 3 and Figure 4 . There were no significant interregional differences between the means or within region variance. The averages for the total capillary pool are given in were less than that of the total in each area examined, Figures 3 and 4. There were no significant differences in perfused capillary Sv and Lv between regional means or variance in the examined areas. The average values are given in Table 2 . There were no significant differences in the percentage of total Sv or Lv perfused on a regional basis. The percent of total Sv and Lv which was compared of perfused capillaries was 53.9 ± 28.3% and 50.1 ± 14.7%, respectively.
D
The diameter of brain capillaries averaged 6.05 ± 1.09 fim, and there were no significant regional differences in this parameter, Figure 5 . The diameter of perfused capillaries was not significantly larger than that of the total. It should be noted that the measured diameters include the endothelial walls as well as the lumen. The distribution of measured diameters for the total capillary pool is given in Figure  6 . The distribution differs significantly from the normal distribution with the median being 5.1 and the mode 4.6 fim. These values were determined from 2384 examined vessels. The number of larger vessels observed which may not be "true" capillaries were small.
Nv
The number of capillaries per mm 3 of brain estimated from the formula of Weibel and Gomez (1962) is shown on a regional basis in Figure 7 . There were no significant differences among the 10 regions examined. The variance of this parameter was also similar between various brain regions. The number of perfused capillaries in rat brain are given in Table  2 . There were also no significant differences in the percentage of the total capillary pool which was perfused on a regional basis. The percent of the total capillary bed perfused was 56.9 ± 15.6%. No statistically significant differences were found in any of the above parameters when comparisons were made between animals of different weight.
Further Validation
Two additional series of studies were performed to further test the method. In one series of eight rats, the animals were treated as above except that only cerebral cortical white and grey matter were examined. The results are presented in Table 3 . For the total capillary network, Vs, Sv, and Lv were significantly greater in cortical grey compared to white matter. This difference was found in all examined rats. Similarly, the values for the perfused portion were also greater for Vv, Sv, and Lv in the grey matter, and this was also observed in all animals. There were no significant differences in the percentage of perfused vessels between white and grey matter. The diameter of measured vessels was similar to the other animals. There were no signficiant differences in D in either white or grey matter or comparing total to perfused diameters.
In four animals, a tracheal cannula was clamped for 2 minutes, and then the experimental procedure was performed. At 2 minutes, Pao2 was 15 ± 7 mm Hg, Paco2 was 43 ± 10 mm Hg and the arterial pH was 7.24 ± 0.04. Three regions of these brains were examined for both total and perfused vessels, anterior cortex, thalamus, and pons. No significant differences were found in the total or perfused capillary network between these three regions for Vv, Sv, Lv, and D.
The percentage of perfused vessels was 90.0 ± 8.7%, 94.5 ± 1.8%, and 86.8 ± 4.6% for Vv in the anterior cortex, thalamus, and pons, respectively. Similar percentages of perfused vessels were found for Sv and Lv. These values for the percent perfused were significantly elevated over those found in the control animals.
Discussion
The method presented here is the first to be able to simultaneously and quantitatively determine morphometric indices of both the perfused and total capillary network of an organ on a regional basis. The accuracy of our technique depends on standard morphometric techniques, accurate labeling of the perfused capillaries, minimal changes in the vascular bed during the labeling, and estimation of tissue shrinkage. The limitations of each will be discussed separately.
We have used an FITC-Iabeled dextran to mark the perfused vascularity. The injection itself does not affect the vascular bed. Our method of obtaining the tissue sample requires severance of the blood supply. We have shown that this procedure does not significantly affect the number or diameter of the perfused capillaries in the vascular beds studied. It had also previously been shown that blood remained in small brain blood vessels by hydrostatic forces after severance of the blood supply (Weiss and Edelman, 1976 ). An ideal label would remain in the blood only. We have chosen to employ a plasma label in order to mark a greater proportion of the blood, since microvascular hematocrit is even lower than the large vessel hematocrit. It has been shown by many investigators that dextrans, even of the high molecular weight used in the present study, leak out of the vascular system with time (Nakamura and Wayland, 1975) . This has been taken into account in the present study by using the fluorescent photographs to identify only those vessels which were perfused. Quantitative data are obtained only from the photograph of the alkaline phosphatase-stained vessels. There is considerable vasomotion in the vascular bed (Nicoll and Webb, 1955; Zweifach, 1939) . Our method would be in error if the number of red cell and/or plasma-perfused vessels changed markedly during the 20-second period after injection. We did not observe this to occur in the pial circulation, but cannot preclude the possibility of overestimate due to vessel opening or underestimate due to vessel closing in deep brain structures. An advantage of using a fluorescent marker is that it is more visible than a dye. Thus, even if our thin section through a capillary contained red blood cells, the FITC-dextran plasma label would still be visible from around the edges.
To study the total capillary network of the brain on a regional basis, an alkaline phosphatase stain was used to identify it (Gray and Renkin, 1978) . This stain has been shown to specifically mark capillary endothelium while marking arteriolar or venular walls to a lesser extent (Hort and Hort, 1958) . This technique has been used in brain to study the capillary network (Hunziker et al., 1974 (Hunziker et al., , 1978 . We would be in error in estimation of the total capillary network if some capillaries were not stained. No capillaries were observed that were not stained in our study. Furthermore, no capillaries filled with FITC-dextran were later found not to be stained. We are in error in calling all stained microvessels, under 12 /xm, capillaries. The number of larger noncapillary vessels must be small, however, compared to the total counted since few large vessels are counted (Fig. 6) .
We have employed standard principles of stereology to determine parameters of interest of both the perfused and total capillary bed in the brain (Underwood, 1970; Weibel, 1979) . The techniques employed study only a portion of the information available and, therefore, are only probabilistic estimates of the vascular beds. It is required that a sufficiently large survey of the volume be made to ensure proper statistical accuracy (Weibel, 1979) . We have arranged our estimates so that probable error in Vv is no more than ±5% of the mean. A limitation of our technique is that we do not use sections of infinite thinness to estimate the various morphological parameters. This will lead to an overestimate of the number of structures in a given volume. This is called the "Holmes effect" (Weibel, 1979) . We have minimized this error by using thinner sections of the brain capillary network than did previous investigators (Craigie, 1920; Hunziker et al., 1974 Hunziker et al., ,1978 Bar and Wolff, 1975) . The errors introduced, however, should be uniform and independent of the region examined. In order for the techniques of stereology we used to work, the capillary network must be randomly dispersed. There is no evidence of anisotropic structure for the capillary network of brain as exists in skeletal muscle (Craigie, 1945; Purves, 1972) . Further, sections obtained were not oriented in any particular plane. In many reports, tissue shrinkage plays a major problem in the study of capillary networks (Hort, 1968) . This could lead to severe overestimates of the capillary bed. We have found only minimal shrinkage in our frozen sections and have chosen to accept this small error. Others have also found minimal shrinkage with frozen sections (Pearse, 1968) .
Although there was a lack of regional differences in any of the measured parameters, there was a significant within-region difference in cortex, viz. white vs. grey. There was also a sharp difference between the total capillary network and that portion which was perfused. We wish to discuss the various morphometric indices of the total capillary network first and then consider the perfused capillaries.
We have reported average values for various morphological parameters of the total capillary network of the brain. There have been many studies of the total brain capillary network. The methodologies and analyses are, however, quite diverse. By far the most commonly measured parameter of the capillary network has been the length in mm/mm 3 . In rat brain cortex, there are reports of an Lv of 1090 and 809 mm/mm 3 (Bar and Wolff, 1975; Bar, 1978) . Werner (1968) arrived at similar figures of 1085 mm/mm 3 in the cortex. Craigie's (1945) findings varied according to the particular cerebral nucleus or area examined, ranging from about 500 to 1200 mm/mm 3 . White matter averages 340 mm/mm 3 . Our value of Lv for rat averaged 553 mm/mm 3 . There are few reports of other parameters. Our value for Vv is somewhat higher than that reported in rabbits (Freisenhausen, 1965; Weiss and Edelman, 1976) and cats (Hunziker, et al., 1974) . Bar (1978) , using a method very similar to ours, reports relatively similar data for many other parameters in rats.
However, the total capillary network of the brain in terms of volume, number, or surface area is considerably less than that of other organs. Cobb and Talbott (1927) showed from a number of sources that resting skeletal muscle is twice as rich in capillaries as grey matter, and heart is about 10 times as rich. More recent reports also indicate that, compared to other organs, the brain's total capillary network is relatively sparse (Hort, 1968; Purves, 1972; Weiss and Winbury, 1974; Hunziker et al., 1974; Weiss and Edelman, 1976) . The total capillary network of the brain appears to change with age (Cragie, 1945; Bar and Wolff, 1973; Bar, 1978; Hunziker et al., 1978) . We found no significant correlation between total capillary Vv and weight. However, these animals were similar in age.
There is a large surface area in the brain available for transport of substances. Total Sv averaged 18.98 ± 8.85 mm 2 /mm 3 in our study. This represents the maximal area available, and no regional differences were found between various brain areas. We also found no differences in rank order or interregional variance. This lack of regional difference in surface area indicates that, over large regions, the maximal rate of transport of diffusible solutes can depend only on differences in flow rate and capillary permeability (Renkin, 1968) .
Our estimate of Nv indicates that a considerable number of small vessels exist within the brain. As with other parameters, no regional difference was found in Nv. This estimate of total number makes no assumptions about distribution or intercapillary distances. There are, however, several reports of the total number of capillaries per mm 2 . These range between about 350 and 1100/mm 2 (Freisenhausen, 1965; Diemer, 1968; Werner, 1968) . Our estimate of Na averaged 277 ± 118/mm 2 over the entire brain, and no regional differences were observed. This number is slightly lower than previous reports which may be related to the thinner sections that we employed. This would reduce the overestimate likely to be caused by the Holmes effect. The estimate of Na is subject to extreme lack of quantitation; it is dependent on the size and shape of the objects counted (Weibel, 1979) .
Another parameter that was similar across brain areas was capillary diameter. Our average value for rat brain was similar to that reported in cat cortex (Hunziker et al., 1974) . Both studies report the diameter of alkaline phosphatase-stained capillaries. These measurements would include the thickness of the endothelial wall as well as the lumen. The wall should add 0.4-0.5 fim to the total diameter (Rhodin, 1973) . We have chosen to include all vessels in our calculations in which the diameter we determine is less than 12 jtim. This would include some vessels other than true capillaries. Alkaline phosphatase appears relatively specific for capillary endothelium (Hort and Hort, 1958) . Further, it has been shown in rat brain that only in the spontaneously hypertensive rat is there any significant staining of larger vessels (Hanakita et al., 1979) . Postcapillary venules are an important part of the diffusion system (Hunziker et al., 1974) . It is unlikely, however, that these contribute greatly to our measurements, since over 90% of all our measured vessels have diameters of less than 9 jwm. The distribution clearly favors values of diameter in the range of 4-5 /im.
The lack of difference in various morphometric indices of the capillary network of large brain regions was not surprising. Previous reports in studies of rabbits and rats, in which qualitative estimates of the capillary network were employed, indicated no differences, on a regional basis, between brain areas at this level (Weiss and Edelman, 1976; Conway and Weiss, 1980) . In the present study, the rank order of the capillary network was not consistent between animals. Furthermore, there were no significant differences in within-region variability in our study. At this level, there are also no regional differences in blood flow, oxygen extraction, or oxygen consumption in the anesthetized brain (Buchweitz et al., 1980) , whereas these differences do exist at a more microregional level (Reivich et al., 1977) . Thus, it appears that when differences at the microregional and nuclear level are averaged over wider areas, regional differences in the total capillary network do not appear to exist in the brain.
Despite the fact that we have found no significant differences in the total microvasculature of one brain region, compared to another, we have shown significant within-region difference. Grey matter has a greater microvasculature than white matter in the cortex by all computed morphometric indices. This was found in all animals examined. The finding is similar to the report of other significant white vs. grey differences (Cragie, 1945; Lierse, 1968) . It is clear that differences in the capillary network will determine diffusion distances for oxygen and other substances (Krogh, 1922) . Differences between the total capillary network of white and grey matter of the brain have been reported (Guyot, 1829; Craigie, 1945; Purves, 1972) . Furthermore, differences have been reported between different nuclei, laminae, and areas in the same and different regions of the brain (Craigie, 1945; Freisenhausen, 1965; Hunziker et al., 1974 Hunziker et al., , 1978 Bar and Wolff, 1975; Bar, 1978) . From these differences, it has been proposed that the capillary network in a region is directly correlated with the region's oxygen consumption (Craigie, 1945; Purves, 1972) . On the other hand, the data of Dunning and Wolff (1936) do not support this relationship. Furthermore, Lierse (1968) also reports that some studies show no regional differences. In our study, no regional differences were found. This lack of difference between various large regions was observed with ANOVA, as well as testing of rank order and interregional variance. Whereas the lack of difference between regions in the total capillary network is important, diffusion distance is determined by the perfused capillary network. This study reports the first quantitative measurements of morphometric indices of the perfused capillary network.
It had been clear, from previous work using the pial window technique, that not all the capillaries of the brain were perfused under control conditions (Mchedlishvili, 1956) . It was also shown that the number of perfused capillaries could vary under different conditions. There are no quantitative determinations of the perfused capillary network of deep structures of the brain. There have, however, been estimates of this perfused capillary network employing a technique to measure small vessel blood content and using this to estimate the number of open capillaries. Weiss and Edelman (1976) reported that approximately 45% of the capillaries of the rabbit brain were open, and Conway and Weiss (1980) estimate that about 51% are open in the rat brain. These estimates are quite similar to the values we obtained for rat brain, in this study, in which a more quantitative technique was employed.
We estimate that just over half of the total capillary network was perfused for the various morphometric parameters measured. For Vv, Sv, Lv, and Nv, the percent perfused ranged from approximately 50 to 57% of the total. For Na, the open estimate is 131 ± 64/mm 2 , which is 51 ± 6% of the total. Thus, while cerebral blood flow can change many-fold, diffusion distances and surface area can only be altered by a factor of about two. This also appears true in other organs. This, however, may be critical in many types of stress. It would allow for an increase in the delivery of oxygen and other substance, even if blood flow were unaltered. The use of this mechanism to supply the metabolic needs of the brain has not been adequately explored.
The effect of asphyxia is to increase significantly the number of open capillaries. In our studies, approximately 90% of the microvasculature was perfused after 2 minutes of asphyxia. It has previously been assumed that after longer periods of asphyxia, 100% of the capillary bed was perfused (Conway and Weiss, 1980; Weiss and Edelman, 1976) . No significant regional differences in the percent perfused were found during these conditions.
With regard to the hypothesis that the size of the capillary network is related to metabolic needs of the tissue, the more critical determiner should be the size of the perfused capillary network. In this regard, as with the total capillary network, there were no regional differences throughout the brain. Within the cortex, however, morphometric indices of the perfused microvasculature were greater in grey than white matter. This is in agreement with previous reports of differences in oxygen supply and demand in small (Reivich et al., 1977) , but not large, brain regions (Buchweitz et al., 1980) . There is considerable evidence that barbiturate anesthesia tends to damp our regional differences in flow and metabolism (Goldman and Sapirstein, 1973; Reivich et al., 1977) . This, as well as averaging of smaller regions, would explain the lack of regional differences in the perfused capillary network. This lack of regional difference in both the total and perfused capillary network appears not to be due to statistical error, since nonparametric analysis also shows lack of regional differences. Regional ranking is quite different in different animals. It is not clear whether differences in the perfused capillary network would exist in conscious brains or if various stresses would have differential effects on the perfused capillary network of the brain.
In summary, the method presented here is the first to be able to determine, on a regional basis, various morphometric indices of both the total and perfused capillary network of the rat brain. Various validation studies have been performed. No differences have been found between large brain regions, in terms of their total capillary network. This has been related to averaging of microregional differences. Slightly over half of the capillary network appears to be perfused. The lack of regional difference appears related to averaging and the effect of barbiturate anesthesia. This method provides a unique opportunity to study alterations in diffusion distances under different conditions regionally in the brain.
